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Introduction 


Fizeau’s method of determining the velocity of light is based on the fact that a 
light signal takes a certain time to cover a known distance. For geodetical purposes 
an exact knowledge of the velocity of light is of immediate interest owing to the 
circumstance that, the velocity being known, the inversion of Fizeau’s principle 
will determine a distance. Here, instead of light, radar pulses may be considered 
just as well. In a vacuum there is no reason to assume a difference in velocity be- 
tween light and radar pulses. For an accurate determination light signals, which 
have but little scattering and bending, are to be preferred. 

In 1941 with the aid of a grant from the Langman Foundation the writer started 
some preliminary experiments according to Fizeau’s principle at the Nobel Insti- 
tute of Physics. The experiments were continued, still at the Institute, with the 
aid of grants from the Swedish State Council of Technical Research, and in 1947 
they resulted in an apparatus for ““Measurement of distances by high frequency 
light signalling.” (18)! Tests were carried out at Lové, close to Stockholm. The results 
were so promising that The Geographical Survey and the Gasaccumulator Co, Itd 
(AGA), together paid for a new technically improved and more sturdy apparatus. 
It was built by AGA and included a lot of the actual parts from the old one. In 
the autumn of 1948 a “‘Preliminary determination of the velocity of light” (14) was 
carried out by the not yet fully completed AGA-model, the “geodimeter.”’ During 
the winter of 1948-49 the geodimeter was ready. The velocity measurements de- 
scribed below were performed in the spring and autumn 1949 at the 7 km. Geo- 
graphical Survey base line near Enképing. In August measurements of distances 
were effected in Norrland. 


General description of the apparatus and its employment 


Fig. 1 and 2 shows the chief parts of the geodimeter and their use. 

By means of a lens, P,, the image of a small constant light-source, L, is projected 
between the plates of a Kerr cell, Ke. On each side of the cell there are the crossed 
Nicols prisms, N, and N,. In front of the prism N, the intensity of the ight depends 
on the tension between the plates in accordance with the equation: 


J =Jo:sin? k- V? (1) 
1 Ref. p. 150. 
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Transmitting optics 


Recoiving optics 


Variable light loop 


Higa i 


where J — intensity, J, and k = constants, V = difference of potential between 
the plates. The intensity of the light as a function of the tension is shown by Fig. 3. 
Between a and b the curve is almost straight. If the cell has a constant bias tension 
of rest between these values and an alternating tension of limited amplitude is su- 
perimposed, the intensity curve of the light is almost identical with that of the 


alternating tension. Added to this is a quantity of constant light depending on the — 
bias tension. Via the tuning coils, Te (Fig. 2), and the amplifier, HA, the plates of — 
Ke are fed with high-frequency tension from the crystal oscillator Cr. The ampli- — 
tude is 2000 volts and the frequency 8.33 Mc. Instead of the constant bias tension — 


there is a 50-cycle alternating tension with an amplitude of 5000 volts. The 50- — 


cycle oscillation curve being rectangular in shape (( LJ LJ |_), it gives the most 
favourable conditions. The result is a completely constant tension of rest half-way 


between a and 6, and this tension changes its sign 100 times a second. A reasonably | 


good rectangular out line is obtained by means of a chain of neon tubes G and the 
resistances .05 placed over the secondary coil of the transformer Tr. Thus the tops 
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Fig. 3. 


of the sine tension are cut off. The chokes D (throttles) prevent the high frequency 
from short-circuiting. From the size of the amplitudes and Fig. 3 it is evident that 


the high frequency variations change their phase simultaneously with the change of 


sign of the Ke-poles. This takes place 100 times a second owing to the feeding 
from Tr. 

The transmitting optics in Fig. 1 project the image of L to the distant area where 
the plane mirror M, is set up. M, reflects the light straight-back and thus a small 
part of the image of L falls upon the receiving optics, where it is absorbed by the 
phototube Ph. Ph is a multiplier cell, fed with high frequency by a branch from the 
line to Ke (Fig. 2). The small condensers 3 and the H. F.-chokes D, keep the 50- 


/ cycle tension away from the phototube. The resistances 1, the condenser 2 and the 
© anode capacity of the cell constitute a bridge preventing high frequency tension 


from reaching the amplifier LA. The phase of the high frequency feeding can be 


*’ changed by means of the pole-switch Swl. 


Owing to the rate of the feeding tension being in phase with the incoming light 


“f variations, the photocurrent will give rise to a series of more or less strong rectified 
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50-cycle voltage pulses in the resistance 70. These pulses may have different magni- 
tudes among themselves, all depending on whether the entering light has been emit- | 
ted during the negative or positive half-cycles of the 50-cycle polechanges, for in — 


the two series of half-cycles the light variations have, of course, opposite phases. 
The tension pulses are amplified by LA and then imposed on the control grids of 
the valves 1 and 2. Via the resistances 10 and then the diods d the suppressor grids 
(a and b) of 1 and 2 are fed by 50-cycle tension from Tr in such a manner that a 
has a normal working tension at the same time as b has a strong negative tension 
and vice versa. Thus valve | only transmits the one series of tension pulses owing 
to light issued when the poles of Ke have a certain sign position. Valve 2 only trans- 
mits the second series of voltage pulses. As the oil-damped (10 sec.) direct current 


uA-meter, I, shows O-deflection, the two series of pulses are of equal strength _ 
or, if all adjustments are not quite correct, a difference of current equal to that ob- | 


tained when Ms; is screened off. This state settles the O-deflection. Owing to the © 
existing frequency of 8.332 Mc, I shows O-deflection every increase of nine meters — 


in the distance from the mirror M,. Using equations we get the following outline: 


At the plates of the Kerr cell the high frequency tension is assumed to have the | 


equation: 
V =a-sin ot (2) 


a = amplitude, o = 2an, where n = frequency, t = time. 

It takes a time ¢, to transform V into light variations just outside the prism 
N,. Considering a—b in Fig. 3 to be a straight line, we can express the light 
intensity by 

J50+ = Ci + C,- sin w (¢—t) (3a) 


J50- = OC, + C,- sin [w(t — t,) + ze] (3 b) 


50+ and 507 indicate that the light is emitted during the positive or negative half- 
cycles of the 50-cycle alternation. C, is the constant intensity and C, the ampli- 
tude of the variations. The angle x in (3 b) is due to the pole change. 

When it has passed the distance D to the plane mirror M; and back again, the 
light or part of it is absorbed by the phototube. During the positive high frequency 
half-cycles we get current from the anode. Assuming early saturation, we get the 
photo-current: 


+5 

isot =4-n- | [A+ B-sin w(¢—t, —t,—2D/c)]-dt (4a) 
ts 
+5 

iso-=4:n-f[ [A + B-sin (w(t — t; —t, —2D/c) + x)]-dt (4 b) 
ts 


A and B correspond to C, and C, of eq. (3). In the time quantity 2 D/e (¢ = ve- | 


locity of light), 2 D is the whole distance from the prism N, (or, more exactly, from 
the point where ty in eq. (3) was reckoned) to the mirror M, and exactly the same 
distance back again. The cathode of Ph is assumed to be fers: t, 18 practically the 


running time of the photoelectrons (2.4 x 10-8 s.) from cathode to anode. ¢, may be | 
considered to include a further small quantity of time, due to the cathode ee being 
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placed at the end of the distance 2D. The summation in eq. (4) is done for one 
positive high frequent half-cycle, which begins at ¢,; and ends at t, + n/2, ts being the 
transferring time of the tension from the Kerr plates to the photo anode and n the 
frequency. The charge per second or the current is obtained after multiplying by 
n/2, the number of half-cycles in one second of 50+ and 50~ respectively. 

The two currents 759+ and i59- have opposite influences on the instrument I, which 
thus makes a deflection proportionate to the difference of the currents. From eq. 
(4) we obtain: 


oar L B 
i = t50+ — t50- = + C08 w (ts — ty — te — 2 D/c) (5) 
The current will be 7 = 0 to values on D, which fulfill the condition: 
La 
@-(s—t——2D/e)\=>—N-x (6) 


where N denotes a whole number. With w=2z2n and c=A-n, where A = the 
wave length, we get: 
a 


Dae pean Ai (7) 


or 
ZN 
| ee ee 


DEVIC 
8 


A (8) 
where K is a constant. 
D are distances to the plane mirror. In the case of a difference between two D, 


K will be eliminated and we get: 


a 
Dy=N-7 : (9) 


Dy being known we get 4. N is easy to determine from approximate values. The 
+ frequency corresponding to A being n and known, we get the velocity in air from: 


C= n-A (10) 


The actual frequency of 8.332 Mc makes 4 = 36.0 m. 

In practice the distant mirror is placed close to a 0-point (as read off on the 
= uA-meter). The constant crystal frequency is changed by a small (<0.1 %,) defin- 
© able amount until 0-deflection is reached. 

This single reading off is impaired by a systematic unknown error, dependent on 
) the location of the mirror M, in the image of the light source. Different parts of the 
| image have different phases, dependent on the part from which the light is emanat- 
‘ ing in the space between the Kerr plates. In Fig. 4 is shown the manner in which 
) the change in distance corresponding to the variation of phase varies from the po- 

sitive to the negative Kerr plate. 

’ The curve is obtained at an appropriate distance D by progressively placing a 
* very small mirror in different parts of the image of light. 


_ + Without making any restrictive assumptions about amplitudes or rectilinearness Mr. J. 
+ CLENDINNING (priv. com.) has proved the general validity of the eq. (7) by putting the total 
\ applied voltage in the place of V in eq. (1) and after expansing he thus obtains eq. (5) in 
/ mere terms of the form: R: cos p: @ (t, -- t;— t, — 2 D/c). R=num. const. p= an odd integer. 
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Fig. 4. 


The error will not be eliminated by the change of poles, because of the simul- 
taneously changing of phase of the valves 1 and 2 (Fig. 2). However we get two 
distances D if the wires to the Kerr plates are shifted, and by taking the mean we 
get a correct value because of the inverse symmetry of the curve in Fig. 4. In this 
way the error will be eliminated. In stead of a shifter at the high tension poles of 
the Kerr cell, two low tension shifters SwI and SwIlI are inserted, one in the high 
frequency feeding circuit to the photocell and the second in the 50-cycle circuit to 
the grids a and b (Fig. 2). Thereby a distance D is determined from the mean of 
four determinations corresponding to the four possible combined positions of the 
shifters SwI and Swill. 

To obtain the difference of two D:s according to eq. (9) we also have to place the 
plane mirror at a comparatively small distance. In this case the adjustment cannot 
be effected by changing the frequency, as the necessary change would be too large. 
Instead there is a movable mirror at D = 90 m. The mirror being convex, the image 
to the geodimeter is equivalent to that from the distant mirror. 

If K in eq. (8) really was a constant, K could be determined once for all. K how- 
ever varies somewhat with ¢,, t, and ¢,. The variation hitherto has usually been 
less than two cms. Nevertheless it must be determined at each individual measure- 
ment. It is difficult to make a rapid change from D = 90 to D= 7000 m. Because 
of that the distance D = 90 is used to calibrate a small loop of light, continuously 
variable and including the first zero-point where N = 1 (eq. 8) and D = 1m or so. 
In Fig. 1 we see the arrangement of the variable loop. The resistances .0005 in Fig. 
2 effect an appropriate increase of ¢, and K with it (eq. 8). Thus the zero-point is 
brought to somewhere near the middle of the variable loop. Unlike the light com- 
ing from the distant mirror, that passing through the loop emanates from all parts 
of the light source. The two paths of light are fully comparable only if the inverse 
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the loop by measurements at D = 90 m, and we can do that because a change of 
K will have the same effect in the loop as in the 90-m path. In all these measure- 
ments the value of D is a mean of four determinations as mentioned above. Such a 
mean did not show any marked change if the light used came from the middle or 
the one or the other half of the space between the Kerr plates. Thus the situation 
of the image of LZ between the Kerr plates need not be exact, and the inversed sym- 
metry of the curve in Fig. 4 seems to be very good. 

The different parts of the geodimeter will now be described a little more in detail. 


Description in details 
Optics 


ARKIV FOR FysIk. Bd 2 nr 15 
symmetry of the curve in Fig. 4 is absolute. Not relying fully on this, we graduate 
The source of light L (Fig. 1) is the incandescent spiral wire of a Luma projection 
lamp, T 5, 6 volts, 5 amperes, the dimensions of the spiral being 2*2 mm. The 
position of the holder is adjustable. The single positive lens P, is placed half-way 
between L and the image of L between the Kerr plates. The distance object-image 
is 22 cm. N, and N, are ordinary Nichol prisms. The lens P, is positive and its 
focal distance 20 cm. The plano-concave lenses, Nm, and Nm,, focal distance 
—12 cm, are silvered on their plane backs and adjustable vertically and horizontally. 
The mirrors M, and M, are exactly spherical, diameter 46 cm and focal distance 
75 cm. They are cut very accurately (+2’’) by Arenco, Itd. The silvering on the 
front is applied by vapourization (““Vacuum-Metall’”’). The spherical aberrations 
of M and Nm are the same but their signs are opposite. Only yellow lght being 
used, the cromatic aberration is insignificant. The lens P, is positive and the focal 
distance is 2.5 cm. It projects an image some tenths of a millimeter in width in the 
aperture of the light protecting cope of the phototube. In front of P, is placed a 
green-yellow filter F. It is composed of one green and one yellow ordinary photo- 
graphic filter. 

The plane mirror M; is adjustable vertically and horizontally. Its diameter is 33 
em. The reflecting surface has been obtained by aluminium vapourization (AGA). 
For directing purposes there is a field-glass fitted with a hair cross. The curvature 

> radius of the mirror will probably be larger than 5 kms. The convex mirror Cm of 
the 90-m measurements (Fig. 10) has a curvature radius of 0.5m. The mirror is’ 
» movable along a guide over a 50-cm scale §,. 
* The variable loop is shown in Fig. 1. The small plane mirrors 1, 2, 5, and a convex 
_ mirror 4 (radius 6 cm) are fixed. The right angled mirror 3 is movable on a bar fur-: 
- nished with the 0-70 cm scale §,. 1 and 5 can be moved aside, when the ordinary meas- 
‘4 urements are made. 4 being convex, an appropriate quantity of light reaches the 
- photo cathode. 
« The Kerr cell(1) Ke (Fig. 5) has circular electrodes of rustless steel. They are 8 mm 
» in diameter, and the distances between them is 2 mm. The onepiece glass’ vessel 
. has been made and the electrodes fixed by Freiberger & Andrae. The liquid is nitro- 
. benzene purified by shaking for three hours with an equal weight of aluminium oxide, 
threefold destillation in vacuo (retort and receiver in one piece), the first and last 
. thirds of the distillate being rejected each time, and finally by high tension electro- 
» lysis for one hour. In order to remove absorbed air the nitrobenzene was’shaked in 
_ the vacuum before each distillation. Special precautions were made to keep air 


125 


E. BERGSTRAND, A determination of the velocity of light 


out of the nitrobenzene during the whole purifying process. After being filled the 
Kerr cell was sealed by fusing. 

With a tension of 5000 volts 50-cycle plus 2000 volts high frequency (8 Mc) the 
temperature of the cell will rise to some 60° C above that of the surroundings. A 
small fan reduces this additional temperature to 20° C. After a 300 hours’ run there 
was no observable change in the cell. 


Fig. 5. 


The effective wave length of the light used depends mainly on the filter, the trans- 
mission of nitrobenzene and the sensitivity of the phototube. The following deter- 
mination was performed: A slit was placed outside the Kerr cell; with a minimum 
of deviation, the light was passed through a crown glass prism and a projecting 
lens. From the resultant spectrum different parts were selected by means of a nar- 
row slit. After passing the filter, F, the selected light was absorbed by the photo- 
cell, and the photocurrent was measured. With 5 volts on the lamp, L, normal run- 
ning tensions in the Kerr cell, the sensitivity curve shown in Fig. 6 was obtained. 
The curve is corrected with regard to the variation in dispersion with the wave 
length. The colour was judged by the naked eye. As the successive movements of the 
slit over the spectrum were always made in equal stages, the adapted and adjusted 
colour-scale cannot on the whole be displaced by more than 50 A. When we consider 
that the index of the refraction of light indicates the change in the velocity in va- 
cuum as compared to that in air, and that the mentioned index includes a term 
B/22 (A= wave length) we get from the curve an effective index of refraction cor- 
responding to the wave length 5440 A at 5 volts on the lamp. Knowing the ordi- 
nary temperature of 2540° K at 6 volts (from the manufacturer) we get the black 
temperature at this and other voltages from the usual tables. Thus the lamp voltage 
was usually 2.8-3.5 volts during the measurements. According to a table by Pirani 
this means 1900°-2130° K or 1770°-1960° K black temp. By Wien’s emission formula 
the curve shown in Fig. 6 can be transformed to the temperature of 1770° K black 
temperature corresponding to 2.8 volts on the filament. The effective wave length 
then has changed to 5570 A. In view of the blue absorption of the air and of the fact 
that this absorption was proportionally larger when higher filament tensions than 
2.8 volts were used a refraction index corresponding to 5600 A was used throughout. 
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The crystal oscillator with amplifier 


The circuit of the crystal oscillator is shown in Fig. 7. By the rotating condenser 
C the frequency can be varied. Cr is the crystal. Fig. 8 shows the frequency as a 
function of the capacity of C. The crystal itself is of an older type held between 
plane brass electrodes. The protecting box of aluminium contains a contact ther- 
mometer and a heating wire. The whole set thus forms a thermostate. The fre- 
quency continuously increases by itself during running conditions. The increase 
seems to be of the expected magnitude. Every measuring night the frequency was 
checked by wireless transmission to the check station of The Telegraph Service. 

The capacity C having large values, the crystal cools down owing to looser cou- 
pling. The consequence is a fall in frequency. Therefore C was kept within reason- 
able limits. The first hour after the start the increase in the frequency is consider- 
able, and thus the measurements during this period are uncertain. 

In table I are shown all checks of the frequency for the different values on the 
scale of C. A working curve (Fig. 9) of the frequency depending on the C scale has 
been plotted from table I, after a parallel reduction of all values to 8332230 Hz 
(‘base frequency”) at C = 4.7. No objection to such a reduction can be detected 
from the table nor is it to be expected within the limited frequency interval of 400 
cycles, where the measurements were made. The capacity to the circuit is thereby 
changed from 50 to 65 pF. 

After the quartz oscillator there is the H. F.-amplifier HA (Fig. 2) in three steps, 
the two last of which have pushpull arranged double valves. As is to be seen in 
Fig. 2 the outgoing wires from HA thus come directly from the choked anodes of 
the power valve, the h. f. power of which is some 40 watts. 


127 


E. BERGSTRAND, A determination of the velocity of light 


Freguenst/ — 


400 «¢. 


SO-é5 pF 
Ie, 7 Fig. 8. 


45617 6 § oe Gg ee e [0 6 2 


Fig. 9. 


The balance circuit 


The 70 MQ resistance of the photoanode is at the same time the grid resistance 
of a low frequency amplifying valve LA (Fig. 2) in front of the specific balance 
circuit. To compensate for the voltage drop due to the direct component of the 
photo current, there is a possibility of varying the tension at the earthed end of the 
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resistance. The two valves 1 and 2 of the balance circuit are steep, Philips EF 50. 
They are chosen as electrically similar as possible. By variation of the screen-grid 
tension and appropriate positions of the contacts of the potentiometer, .001—.001, 
1 and 2 effect equal variations in their anode currents to a certain change of tension 
on their joined control grids. The suppressor grids, fed by 50-cycle tension from Tr, 
according to Fig. 2, are each directly connected with a diod to ensure normal work- 
ing tension during the positive 50-cycle half-cycles. The anodes of 1 and 2 are earthed 
by 10 uF block condensers. 

The pA-meter I will give full deflection to 60 uA. The instrument box is filled 
with paraffin oil to increase the damping effect (10 sec). 

The running tensions are smoothed out by neon tubes. Across the secondary coil 
of the filament transformer there is a potentiometer with a movable earthed tap. 


The phototube 


The phototube (Fig. 2) is enclosed in a lightproof earthed brass cope. The ninth 
(last) binode is earthed. Proceeding to the cathode the tension is successively in- 
creased (by a potentiometer) to —850 volts. The voltage is stabilized by neon tubes. 
The anode is fed by high frequency tension, as mentioned above. 


Dependence on the running conditions 


The distances to the successive zero-points (eq. 8) are increased by 5 mm per one 
per cent of the increase in the supply voltage (more rapid photo-electrons). These 
displacements are the most common among those which have to be compensated 
for by the readings on §,. The h.f.-amplitude, kept under manual control, has a 
slight effect on the zero-points too. One per cent increase in amplitude shortens the 
distances to the zero- points by 0.6 mm. 

A change of 500% in the intensity of the received Hight has no detectable in- 
fluence on the positions of the zero-points. 


Instruments and controls 


1) The zero instrument, I, has already been mentioned in ‘The balance circuit.” 
2) Voltmeter to the supply voltage. 

3) Voltmeter to the lamp L. 

4) Wheel to the rheostat of L. 

) Wheel of a turnable copper disk in the tyning coil of the Kerr cell to compensate 
the resonance change caused by the capacity decrease of the warmed cell. The 
dielectrical constant of the nitrobenzene decreases. 

6) Wheel of a rheostat in the screen circuit of the H. F. power valve, whereby the 
H. F.-amplitude is kept constant when fluctuations in the eupply tension are 
considerable. 

7) M. A.-meter of a small crystal receiver R (Fig. 2), showing the H. F.-amplitude 
and resonance of the Kerr cell circuit. 

8) Frequency wheel of the crystal oscillator. 

9) M. A.-meter in the anode circuit of the photo current amplifier LA, showing 
the magnitude of the direct current component of the photo current, including 
dark current and correct bias tension of LA. 
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10) Zero instrument in series with I for rough adjustments. 

11) Movable taps from the anode resistances of the two balance valves and leading 
to the zero instruments. 

12) Variable screen-grid balance of these valves. 

13) Variable earth point of the balance circuit filament current. 

14) Variable bias tension of LA. 

15) Phase shifter Swl of the photocell H. F.-feed. 

16) Phase shifter SwII of the 50-cycle feed of the suppressor grids of the balance 
valves. 

17) Movable mirror 3 (Fig. 1) with scale for reading off the position of the first 
zero-point. 

18) Thermometer for reading off the temperature in the crystal oscillator box. 

19) Thermometer for the air temperature along the path of light out to the plane 
mirror. 

20) Barometer for the air pressure along the same path. 


Readings off 


Measuring against the distant mirror, we read off the frequency wheel after each 
change in the phase shifters, the deflection on instrument I being zero. Zero de- 
flection is equal to that when the plane mirror is screened off. This deflection of 
course by adjusting the balance circuit, is to be kept close to that caused by zero 
current through instrument I. After each group of four readings of the frequency 
wheel, corresponding to the four possible combinations of the positions of the phase 
shifters, analogous readings 8, are to be made of the position of the movable mirror 
at zero deflection of the instrument I. Measuring against the convex mirror at 90 
m will be described below. 

Among the remaining instruments that for the H. F.-amplitude is to be kept 
under constant supervision. The wheels 11), 12) and 13), as above, are adjusted 
once for all. The remaining wheels are usually adjusted before each measurement 
series. Air pressure and temperature are read off once an hour. These observations 
are necessary because the velocity is dependent on the atmospherical conditions. 
This will be dealt with in next section. 


Influence of the atmosphere 


Refractive index of dry air 


With the present measurements, the changes in the refractive index of the air 
with changes in temperature, pressure and humidity play an important réle. To 
transform the obtained value on the velocity to corresponding value for vacuum we 
also have to know the real magnitude of the refractive index. 

The increase in the velocity of light on transition from air to vacuum is supposed 
to be proportional to the refractive index. This is applicable to the wave velocity. 
If the refractive index of the air is expressed by 


B OC 
BA ierchas (11) 


where A, B, C, are constants and A the wave length, we get, after taking the present 
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case with group velocity (3, 9,14) into account, a corresponding “‘refractive index 
for group velocity” suited to the computations: 


SBA "SC 

Lg = A aie "aa =e ory 

For dry air at 0° C, 760 mm Hg, Barrel and Sears (2) gives the following expression 
of the wave refraction index: 


(12) 


(13) 


My = 1 + (2876.4 “F 1A + | ot as 


A? AA 


with A in thousands of a millimeter. 
After transforming to group velocity, we get, with 2 = 0.0005600 mm or 5600 A: 


ip = 1.00030388 (14) 
Using the formula of Perard (Trav. Bur. Int. Poids Mes. 1934) we get: 


Lp = 1.00030382 (15) 
According to Koster and Lampe (Phys. Zeit. 1934): 


84 sil 
Mo = 1 t+ (2877.57 = — =i : re a lOne (16) 
we get 
LK = 1.00030390 (17) 


Bureau of Standards’ value (1918) used in 1948 (14) is obviously too low. 
The above figures agree with the mean of 40 values after 1857 (2) and with 
recent values obtained by the determination of the yard and meter in wave lengths 
(2). Thus for 5600 A the following value is used: 


Mg = 1.0003039 + 0.0000002 (18) 


The variations of mu, with A, t, p, e 
From eq. (12) we get the variation with the wave length as 


“Hs — —9,00000050 per 100 A (19) 


If the temperature is ¢ C, the pressure p mm Hg and the humidity e mm Hg, 
the refractive index of air, according to Kohlrausch, will be: 
1 hg Sh Weta 0) 0.00000055 e 
ess Tia ia Beckett a eS ag 
Fae ell ee Fei i 1+ at 
where a = 0.00367 (~ 1/273). 
After replacing 4) by yg we get the variations of “, with temperature, pressure and 
humidity at 760 mm Hg and 
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iat OF che == — 1.11 X 10+ (21) 

+ 10°C: “te = — 1.04 x 10-8 (22) 
ater cis = + 0.398 X 10-8 (23) 

+ 10°C: sf = + 0.384 x 10-* (24) 
02: “He = — 0.055 X 10-8 (25) 
10 CO: ots = — 0.053 x 10-8 (26) 


The variation of all these quantities with variations in pressure may be neglected 
here as being less than 10-® pro mm Hg. 


Determination of the atmospheric conditions 


To determine the air pressure, a Hg-barometer was placed on a level with the light 
path. The barometer was checked by the Meteorological Service to be correct to 
within 0.05 mm. 

The temperature was read off by means of thermometers at both ends of the 
measured distance. They were placed 0 and 2 m above the light path and 4 and 3 
m above the ground, which at both ends had an inclination of 1 : 10 down to the 
fields, situated 15 m beneath the light path. The thermometers were graduated in 
tenths of degrees C and checked to be correct to within + 0°03 C. 

As regards the temperature gradient above the ground, Johnson and Heywood (20) 
have values for every month of the year and every hour of the day, obtained above 
ground similar to that in the present case. Allowing for as light bend of the iso- 
therms along the ground, the one for the light path has been supposed to pass 4 m 
above the site of the termometer place. The temperature gradient was estimated 
with Johnson and Heywood’s curves, to be some +0°05 C per meter, thus giving 
an average correction of +0°2C in the temperatures read off. 


The humidity was estimated to be 70 % in the spring nights and 85 % in the au- 
tumn nights. 


Measurements on the field 
Adjustments 


The image of the lamp filament is arranged to fall between the Kerr plates. The 
optical axis of the mirrors and lenses are arranged to coincide with each other. When 
the back Nicol has been temporarily replaced by a small inclined mirror, the image 
of some distant object, the top of a tree or the like, is to be seen in the mirror between 
the Kerr plates. By moving the mirror Nm, (Fig. 1), the optical system is focused 
until the image remains clear of parallax. The searcher field glass of the unmoved 
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geodimeter is then adjusted until it is directed towards the same object. By use of 
the searcher and with unchanged transmitting optical system we then can direct 
the geodimeter, i.e. the beam of light towards the distant mirror. At this end of the 
distance the cooperator systematically sweeps the perpendicular of the mirror plane 
over the geodimeter region by small turnings of the adjusting screws of the mirror. 
After a few minutes the reflected light is to be seen as a glimpse at the geodimeter 
end and with the help of agreed light signals the mirror soon will be adjusted towards 
the receiving optical system. By means of a small inclined auxiliary mirror in front 
of the filter F the receiving optical system is adjusted so that the focused beam falls 
upon the aperture of the lens P, (Fig. 1). In the case of a strongly reflected light or 
a specific signal lamp, the beam will be seen as a projected spot. This facilitate the 
adjustments. 


The position of the first zero point 


To determine the position of the first zero-point in relation to the geodimeter 
index, measurements were performed over a distance of 90 m. In Fig. 10 we see the 
arrangement at the northern end of the Enkoping base line. 

G is the reference index, placed in the middle of the bottom back edge of the 
geodimeter. I. P. is the index knob of the concrete instrument pillar. 3 is the moy- 
able mirror of the variable loop having the scale 8, 0-70 cm. N. B. is the northern 
ground knob of the 7 km base-line. Cm is the small movable convex mirror on its 
foot with the scale 8, 0-50 cm. KE. B. is the ground knob of the small “evaluating 
base” at a distance of 90 m from I. P. Kn is an index knob, plumbed from E. B. 
G, I. P., N. B., Cm and E. B. are all in the vertical plane of the 7 km base line or 
its extension. I. P., S, and Kn are on a common straight line. 

The specific measurements were made in the following way: 

On the scale 8, was read off the position of mirror 3 at 0-deflection on the instru- 
ment L. Four readings were obtained corresponding to each of the four possible 
position combinations of the shifters Sw I and Sw II. The mean of the four readings 
was the value taken. With the image of the lamp filament projected towards the 
mirror Cm, a corresponding series of readings of its positions were made on the 
scale S,, and the mean was taken. Knowing the distance Cm-—G reduced by 10/4: 
(eq. 9), we get the distance between the first zero-point and G for a certain position 
of mirror 3 at I-zero reading. All readings 8, and 8, are assembled chronologically 
in table II (p. 028). 8, are in italics. The following table gives the distance values 
for the 90-m determination in May: 


133 


E. BERGSTRAND, A determination of the velocity of light 


JI. P.-E. B. horizontally by invar tapes and strings .............. +91.0885 m 
Cort OL sttingsy ch 0:40) mana pen 24. Wea es antl neyat ier iee lok tee + 0.0012 
Corr. of tapes 1495! mim per 4M. sri ols ti0 nies sue est ote Snes eisteroLs + 0.0075 


Sum +91.0972 +0.0005 m 


An altitude difference of 11.709 m causes the used distance to be 


TEE Bagi aoa A idshtaderciaPeltaaat tale acacia aa eee + 91.8466 m 

EK. B.—Kn’ horizontally (by theodolite) ........:....05+-%-.0+- . + 0.0009 

Kini, 5 (ZeTO Mine COL: iSiel)) Ws Scorhercrereeaucy rake ehen-evecsher ch ences Te Renoaent Toke ke . — 1.6470 

Cine index=Cmi SUELACE ce rcrsce.cvorernets oatene cucu’ ppaaierrobavel oh otauayoneh cesta Keener els + 0.1220 

A [Sel BY CUE rea ee ned ema EINE We erm uatte ts Crcereo acne Clas O. Case omen oe - +-0:1320 

Corrs Of Optics Tocuseds to VCORE 1.0117 eee cue scien ae ere meee « + 00120 

Sas a8 a mmeam Olels) readings (tab LI) emnarri arer-teelneterensiatels . — 0.0526 

10/22 A at S.C, 160-mm Hg nseso240. He on ac. oe eee eos . —89.9232 

The distance G—lst zero-point Sum + 0.4907 +0.0021 m 


With this position of the first zero-point we should obtain zero-deflection on the 
uA-meter, I, at the movable mirror 3 directed on the zero line of §,. 

A direct measurement of the light path in the loop at mirror position 0 also gave 
0.49 m. This determination is none too certain, but corroborates the value above 
and shows that the curve of Fig. 4 has good inverse symmetry. 

In autumn the corresponding figures were: 


TBAB Bit ieeg ek oie 3 Baa nie irae TO a a ace eae . +91.8466 
POP BSR ASS nea Pai sesh es c SR RTE a GnaR ee irs MOLar Sree le eee ee . + 0.0040 
TRESS Bas ose A A, SEA ee a ee . — 1.6512 
Cm index—Cm surface (new setting)... 4.0). ..0..5.s00e-oens ees e . + 0.1235 
DS PSG a ie oe TOS eo ae eee ter 2 20.1285 
COLE MLO LOCH SM). ES OS hg eet oe ets. cone a tee M BEOL0120 
Sioo5 aseanmean O12) readings (Cabeelinman cet. oetreienteta etl etente . — 0.0600 
10/4 - eat sS? OF 765. mmeH es S332 LSOREz ie eee, eee eee . —89.9230 
The distance G—lst zero-point Sum + 0.4804 +0.0021 m 


The difference of | em as compared with the spring value may very well be due 
to changed dimensions of the light path within the geodimeter. They were however 
unaltered during the respective measuring periods. Unfortunately the light path 
in the loop was not measured again in the autumn. 


The position of the 769th zero-point 


In the course of the long-distance measurements, the position of the 769th zero- 
point in relation to the index G is the same as the position of the plane mirror rela- 
tive to G. That is so because we adjust the frequency until the zero-point and the 
mirror coincide. The main part of the distance from G to the plane mirror is the 
fixed distance from I. P. to the southern ground knob of the base line. The deter- 
mination of this distance is shown in the following table: 
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LP Chm ) 


A 28. hr7ob 


1777 
/irror sur- /yrror Plumb 


foce 


(trror toble 


Fig. 11. 

N. B. knob-S. B. knob on the ellipsoide according to the manu- 

Peramewdn 4102 (Ob the jSUTVEY, aerate <icteksauavaie(S ieiomiels cle acdc cereus + 6885.0672 
Considering the measurements of the Baltic Geodetic Commission + 0.0028 
Mensidering sate (Spale) MALKINGS:.< jays cere cf tape Oe eh ace mao , — 0.0020 
Corr. for the actual mean altitude of 27.4 m.a.s. (Gand mirror) + 0.0296 
Morr. for the diff. in alt. betw. G and mirr,.= 1.1 m.....5.... : + 0.0002 
ee le Pee Dy IVE GCADES.. clas Bib jo.ayd 6.5 cer ow ieuese ote Ad SO eragthe Sho ele F +13.2441 
Barenot oapes.== 1,495) mim oper 4 Mi cieniaare siete sys Gleistemasisisis ' + 0.0049 
Used distance I. P.—S. B. knob Sum +6898.3468 +0.0030 m 


Then we have the adjoining distances between the 8. B. knob and the mirror and 
between I. P. and G. 

The determination of the distance between the 8S. B. knob and the mirror is shown 
in Fig. 11. 8 m backwards in the extension of the base line a pile was driven into 
the ground. The pile had an index knob P. At right-angles 17 m to the west there 
was placed the stand of the mirror, 3.5 m in height and furnished with a table and 
index knob K. The horizontal distance P—K was 16.92 m. The angle « was meas- 
ured with a theodolite. The accuracy corresponded to 0.1 mm in the direction of 
the base line. Supposing the distance I. P.—P was exactly equal to I. P—K, « would 
be 99° 92°20". « as measured was 100° 0470" in May and 100° 05°52” in September. 
The differences from 99° 92° 20° give a 3.32 and 3.54 cm respectively shorter distance 
I. P.-K than I. P.-P. 

In a rough calculation in May, the quantity 3.32 cm was used with a wrong sign. 
The value of the velocity obtained 299 795.6 (this was possibly published some- 
where) agreed, with that of 1948, which was very misleading. 

The distances between the S. B. knob and the mirror are entered in the two fol- 
lowing tables, the first one for May, the second for September: 


MSO DP LUTE Oe ICS Ree siaye-cveue susie wien ste uenishaye; + aos eis. sgahells wo aireleua.'s . —0.0019 
Sees SuLTI LOX an OY PLL Vid MOA PES a eae-afale ow vcicte wlsrs + shore sare ojeynie Grohe a ievena lols . +7.9753 
CSRTRS Gk SLIP UENO C.c le ole ei ERO O IGCOL 0 Cl OCI PRCT RCI CE Aa REESE . +0.0030 
Distanceatromithewangel yor (Higa I Ves ic sisre g«.« ate enews sin Heloise « . —0.0332 
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Kemitror plumes cry acre ts cere leit ilalenei ete lee eesti te ters . +0.1648 
Plumbsminrorvsurtacey.a cee eos ele eer are chee teeta cheek lekete etorotst . —0.0225 
Totalledistancemse D> akNOD=m0IhrOLe 111) MER Yi.r relic seers tole yoisielsielelen rer . +8.0855 +0.0005 m 
SoBe Knob=plum beds inex cmere srevreieier oer shelter slieleoeteeyercketerehe etetetetel . +0.0006 
Se Beindex=P aby Steel bape! cv. c scecerche svete eco tore taecetaten sts ilerenarele a ar LAD ais) 
Wore Ot Steel FADO A Nes ais aictelesels o eisis cues eoahepstenorslelleleMtons of ial akenee pete nete +0.0015 
INT AE el en eee ae Geeta UROCA Oe ROMO COO DADO So moos Coon. . —0.0351 
REST TOT LUND Shere wed Resto ated over eran eP este a orate soueraNarle saten Aebane tonayeteReNcol eles Tome 2 FON630 
Pl iM bSMMNNOT SULLA Bae tire yor le vereve eitore ko lostedoheiehoytaha rollate eon Nate Meketeane aMetewets eats . —0.0225 
Total distance S. B. knob—mirror’ ini Septey-4..ie eee ee oleic ayiel . +8.0830 +0.0005 m 


In the following table are put together the total distances between G and the mirror 


Date May 6-11 May 13-14 Sept. 24-29 Oct. 3 


(GEL Pe ete a neta ite acetates: siewe teen ater + 0.1426 1245 .1208 1216 
Ie P=s. Bo knob (see above)! ~o.-0c. o- + 6898.3468 3468 .3468 3468 
S. B. knob-mirror (see above) ........ + 8.0855 0855 .0830 -0830 
(GEMIET OP cca e citer gs Seine erties rgeress) oe ge aire 6906.5749 5568 5506 5514 m 


Reduced distance from 0-point to 0-point 


The adjustments of the position of the 769th zero-point on the plane mirror by 
means of the freq. wheel are effected for different values of the frequency (increase 
of fr. p. 9, 23). Furthermore, these adjustments were made under varying atmo- 
spheric conditions. To make the measurements comparable we make a reduction 
to 0° C, 760 mm Hg dry air and the base frequency 8332230 Hz with wheel set at 
4.7 (Fig. 9). After the reductions, owing to the uncertainty of the determinations, 
the 769th zero-point will le at a somewhat varying distance from the plane mirror. 

When calculating such a distance we start with the readings on the frequency 
wheel. All these long-distance readings are assembled chronologically in the table 
III (p. 147-148). The groups of four (or eight, etc.) readings are taken directly from the 
frequency wheel. Among these groups we see the §,-readings (in italics) of the mov- 
able loop mirror 3. The hours of start and conclusion for each night are inserted 
too. The thermometer and barometer readings are assembled in table IV (p. 31). 

From the curve of Fig. 9 we get the distance of the 769th 0-point from the plane 
mirror with the frequency wheel set at 4.7. As an example we take the first readings 
in table III. The figure 11.6 corresponds to a difference in frequency of 185 
Hz as compared with that obtained with the wheel set at 4.7. Since the total distance 
from G to the plane mirror is 6906 m, with 185 Hz we get a displacement of the 
769th O-point of 

185 6906 _ 


8332000 


0.153 m or —15.3 cm 


The minus sign indicates that the point lies on the hither side of the mirror. In 
this way the curve in Fig. 9 also can be graduated in such cm-distances. This is 
done in the scale along the right margin. The three following readings on the wheel 
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were made with the three other combinations of the shifters Sw I and Sw II (Fig. 2). 
As a mean of the first group of four readings we get the distance 13.9 cm. How- 
ever we need the actual position of the first zero-point as determined by the posi- 
tion of the movable mirror 3 (Fig. 1, 10). Here, too, we have four readings (S,) in 
a group. Usually we take the mean of the groups before and after the group of 
wheel readings. As the before going group is missed in the start we only take the 
succeeding one and get an 8, of 16.5 cm. After a reduction with this quantity the 
whole series of zero-points will start (= Ist point) at a distance of 49.07 cm from G 
(from p. 134). Inserting temperature, pressure and 70 % humidity (tab. IV) in the 
formulae (p. 132) we get the corrections —6.1 cm, —2,6 cm and —0.2 cm. 
Thus we get 


Beeancerasenrom tusEcur vies ts Him im oc occrschartus ten snak icin orucetcciesteh o exe Sialosekorose ons —13.9 
Sr raeL PS PADALCOL Eyed es ced hee regens ee Neo ids che et hee, eset pase eke nyresebens Ope renege ans + 16.5 
| SUA D a WERE 2 ghee oe ENONE DS Go OG. DRESS CPR A of Aine age Atak nme aw NB cepa — 6.1 
PrOre hoe eCOMN (ND. Lae iy eiete Meare ee oie hin. GHEY AOE Fc ca0s coast ose is pusies eerste ae — 0.1 
ASS UAE mS OOET ecru tsifckesid is 5a vac een ve tikes “aot Raia; ira cat caridiatvonaitan Sy abi aone rotor sar eel ot ecreNonar SmaeTIa ON ta as — 2.6 
ATTN TERRA OT Tir Ms a hott Neel inic> As Seo Ras ho es AOE Srnvohulee are — 0.2 


Sum — 6.4 cm 


The mean of all determinations on the 6th May is —4.4+0.63 cm. On an average 
the frequency can be considered to be 5 Hz above the values of the curve in Fig. 9. 
This means a further corr. of +0.4 em. As result on the first night we get the 769th 
zero-point at 0° C, 760 mm Hg dry air and 8332230 Hz to be —4.0 cm on this side 
of the plane mirror if the lst zero-point had caused an §,-reading = 0. Thus 
the total reduced distance between the Ist and the 769th zero-point will be: 


SMES ZELO- POI oyal( 0-9 SL) lovencvoie eleteie ogaFeMo to lelo, w evedsers ie a cca's cists se fete, ojetelelace. 4 —0.4907 
RRTITUITOT Goel 90) detetaveh oun pie detache weveny aniehea eatalsdassiaid sale) Sucke: quarts. oituec ah cdenehe Ge gieanlaves + 6906.5749 
PELOT— JOOLIT IZETO-~POIM be (QDOVE)! cicce cies aia.at GIS eee sla is ceva ie Sate Wie Ga alee ale ais —0(0.0400 


SEE ZCTO-POM bs GOI 7 OOM: ~ZELO POL Gib aorta esis isnare-a ste raliste tartare ig ENG SEs al nwo bis laneutsb ae +6906.0442 m 


Calculation of the velocity of light 


The above value of 6906.0442 m is the distance Dy in eq. (9), N being 768. From 
| the eq. (10) with n = 8332230 Hz, we find the velocity in dry air at 0° C, 760 mm Hg 
i to be 

Ca = 299701.8 km/sec 


i) The effective wave length of the light used being 5600 A, we get, according to eq. 
} (18) p. 131 the relation to the velocity in vacuo to be 


Mg = 1.0003039 
Thus the final result from the first night is 
© = 299 792.9 km/sec. 


In the same way we can compute the rest of the table on the other page. 


To begin with a computation has been made of all reduced distances from the 
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769th zero-point to the plane mirror. These distances have furthermore been cor- 
rected to hold for the first G-mirror position May 6-11 having the distance from — 
first 0-point to plane mirror equal to 6906.5749—0.4907 = 6906.0842 m. From the 
mean error for each night has been obtained a certain weight, valid for the value 
obtained for that night, the starting-point being the inverse square of the night’s 
mean error. In order that the measurements for each separate night, might have 
their full individual effect, the greatest weights were reduced to about half and 
the lowest weights somewhat increased. 

In the following table the obtained cm-distances are assembled, with their weights 
and the number of determinations. Thus to get the zero-distances Dy (eq. 9) we have 
to reduce 6906.0842 by the different cm-distances, and the velocity is found from 
eq. (10) and (18). To illustrate the step-wise increase of the frequency with work- 
ing time the means of the frequency corrections used each night are also inserted 
in the table. There is also a column giving the running voltage of the lamp. Owing © 
to variable visibility, the intensity of the return light was the same all the time: 


5 : 
Date in Lamp | Fr. corr. |Number| Weight Dist. Velocity | Temp. Pressure 
1949 Voltage cm obs. |lobs=1.0 em |299 790+ c° mm Hg | 
May 6 2.8 —0.4 4 2.0 4.0 2.87 ie te: 750 
8 2.8 —0.4 6 12.0 2.4 3.56 yl 755 
9 2.8 SONG; 1 1.0 4.9 2.50 apt 762 
10 2.8 =a 7 5.0 4.5 2.63 +9 765 
ll 2.8 —2.5 5 9.0 4.8 2.52 apake. 769 
13 2.8 — 2.5 5 3.0 2.5 3.52 eel 765 
14 2.8 —2.4 6 2.0 3.8 2.93 ctaehe 763 
Sept. 24 5.0 ==) 2 0.5 4.1 2.84 Sala 768 
26 5.0 —4.5 5 2.0 0.7 4.27 +15 764 
27 5.0 Sa iG) 5 5.5 4.4 2.68 +12 763 
28 6.0 —4.5 2 0.3 1.3 4.05 seal 764 
29 3.5 lip 5 7.5 4.1 2.84 +14 758 
Oct. 3 3.5 —5.3 5 8.2 3.0 3.32 sew. 749 


During the whole spring visibility was good. In the autumn, however, only on 
the two last days. No systematic influence of the haze was observed. Probably 
a deepening red was compensated for by the higher temperature of the lamp. 

From the table we get 


Meannotespringcvaluesrnecmime metas ain 299 793.04 + 0.19 km/sec. 
Mean of autumn values .............. 299 793.10 + 0.20 km/sec. 
Total, (Meanie dc tmdeln emer net. Memear. tte 299 793.1 + 0.14 km/sec. 


(:)/ ee) 


The limits are obtained from the deviations from the mean. To get the real limits 
we have to consider the uncertainty of several external conditions. 

The error in the colour estimation has been set at 50 A. According to eq. (19) 
this causes a relative error of +2.81077. 

The mean error for the temperature will be less than +0°2 C, that of the pressure 
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less than +0.2 mm and that of the humidity less than +1 mm. Thus from the eq. 
21-26 we get an atmospheric error of +2.5X 1077. 

The Enképing base line was remeasured by the Baltic Geodetic Commission. The 
resulting mean error of 410-7 will be increased to 510-7 by including errors in 
the small actual added distances. . 

Regarding the frequency, the mean error will not be larger than 2 Hz or +2.4X 
a’. 

Finally the position of the first zero-point contributes with an error of +3.0 
0-7, 

Thus totally we get the errors 

769th zero-point +4.5 x 107 
Ist zero-point Seo OL Ome 


Refr. index st 2.0'X LO? 
Colour +2.8 x10" 
Atmosphere Hevaysy 6 INO 
Base line =+-5.0 x 1077 
Frequency +24 *% 107% 


V[vv] = +8.80 x 1077 


As final result of the determinations on the 7 kms base line we arrive at a velo- 
city of 
¢ = 299 793.1+0.26 km/sec. 


The limits include all known contributory errors. 


Values from other base lines 


1) As the base line above was bisected (angle 198° 84 86") there were two further 
distances which could be used for determinations. The longer one, with the instru- 
ment still at N. B., and having 573 0-points, was composed of the following dis- 
tances. 


rae ZAC POU Un Pete c oo les Moncks oc tee: susiioly, stot eaeies ems @ Olere fase! suai aiatin efecto Rous —0.4804 
“pelle TES ciSend chy OPEL Oeen ORO RERE EOrO CRE ey Le ENTE ene er + 0.1227 
Peer Merl (along lp ht pati cremate ciate cialecteiia sieidare a: hesaieaeruad Shas) ccs +5147.7036 +0.010 
mse TTT OLA Erect iets s east or aece, sycuciebohs O eauO RD Glan e suet kj to wt vials —3.7576 
Btror—) Jobu ZeETO-POINts(TEGUCEC ) sami. 2-2 sgiaciae a6 AS cise oe veces ware oye —0.0045 
SCR LO io eel O-P Olt mes se eoleare Gtecisctn a oi eud miele oe Ge ene eebo metas cule 5143.5838  +0.013 


This gives the value of ¢ as 
c = 299 794.0+0.75 km/sec. 


2) Using the shortest base line, with the geodimeter at M. B., the distance compo- 
nents were: 


BELEZOLO = WOML—-ri int ainedetersiete ste i Pieuaun Mciave: ao) since eit, <1 15) #1010) wees, sone —().4804 

LINES B Sg Ata A so BPN RO ear PSI te CuCpORn okt cote sree ein i cits Ac ae ec aata +4.1550 

Se Sek Du cers ote geccacah (sinter ae estee et tay MANeanleie: 8 Sheln Boctinis tae ot ae +1750.9060  +0.0070 

Oh STOMA Pa Sa Os cts ae prone 215 Cn Or cRCcay CURSE CMe bce irate eT +7.9175 

Purror—l97th) ZerG-poitit, (reduced \s sore. ae ale we cove eo se see sine —0.0214 

Tes wee MWA PATRON ooo tg on Oo HO Oe OO NO comtiOd nod aco prs 1762.4767 +0.0090 m 
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. Filamer? Bi temp. Fibs.tamp 
t 6 vols 2300h° 2540°A 
a - 240 woo } 
R 35 + 1960 230 
Jo «| [825 1960 
N Zotes 465 | 1/780 
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Viole# (Or 117é. Bive Green fe//Ows Aonge SE Fed 
ho. Me eZ 


4wwoo 4 06UCUUUS 5% OF LT RO Pe F000 es s Se Ties 9 6000 / 3 Ft ¥ YF 7000 


Fig. 12. 


The velocity being 
¢ = 299 792.34+1.5. km/sec. 


3) With practical experience of the complete geodimeter, the 1948 determina- 
tions (14) can now be corrected. 

Then, in the absence of the 90-m distance, the first zero-point can be determined 
with tolerable accuracy from a direct measurement of the light path in the loop, as 
we now know. Thus from the data of the records it is evident that the first zero- 
point as determined at Linkdéping must be put forward by 7 em. 

Instead of the temperature corrections of 0.93 10-® employed (Kohlrausch at 
20° C), 1.1 10-6 is more correct. 

Regarding the colour, a curve has been obtained with the actual filter and the 
filament voltage used as shown in Fig. 12. A value on jy of 1.000304 seems to be 
correct. The used base frequency of 8332157 Hz (younger crystal), checked a few 
days (12/10, tab. I) after the measurements, is correct. 

The reduced distances of 1948 were 


1) 1st — 1009th zero-point: 9064.377 m 
2) Ist — 469th zero-point: 4208.430 m 
at 5 mm humidity giving 
1) ¢ = 299 796.3+1.5. km/sec. 
2) ¢ = 299 794.1+3.0 km/sec. 
Mean c = 299 795.8+1.5 km/sec. 


After reduction of the distances by the above mentioned corrections to a total 
of respectively 7.8 and 7.4 cm, the corrected values of 1948 are 


140 


ARKIV FOR FysIK. Bd 2 nr 15 


1) 299 794.1+1.3 km/sec. 
2) 299 789.3+2.5 km/sec. 
Weighted mean: 299 793.1+2.0 km/sec. 


4) Finally we have the distance measurements of 1947.(18) These measurements 
were performed with the old geodimeter model. The crystal oscillator, however, was 
transferred in one piece to the new model, so that we can find the frequency used. 
From table I it can be seen that the frequency has increased by 150 cycles from 12th 
October 1948 to 14th October 1949. The running time is estimated at some 150 
hours from the measuring records. 

The running time during the preceding year will be about 10 hours at Lovo, 60 
hours at Linképing (from the records) and 50 hours of experimental work at AGA 
(entries about working hours). To this must be added some 10 hours of demonstra- 
tion. We get 130 hours as the total or 130 cycles. The frequency will then be 8332027 
+30 Hz. 

A strong support for the correctness of this method of procedure is the fact that 
the frequency in 1942 as given by the manufacturer (note on the crystal) was 8.3315 
Mc. 1942-1947 the crystal was employed for experimental work. A running time 
of 500 hours during the period mentioned seems to be reasonable. 

From the paper 18), p. 108, is seen that the first zero-point in 1947 was based on 
direct measurement of the light path, and as we now know this is satisfactory. 
From the same paper, p. 110, we have the “‘unit’”’ length 17.98494 m at 0° C, 773 
mm Hg. If we correct for humidity and pressure and transform to vacuum value 
we get A= 35.98088 m. Then we have used a refractive index of wy = 1.000302 
due to goldplated mirrors and photo cell 1 P 21 with sensitivity reaching into red. 
With n = 8332027 Hz we get the velocity obtained in 1947 to be 


e = 299 793.9+2.7 km/sec. 


The point Varby (p. 110) being of second order, a value from the distance 7734 
'm should assume the weight practically equal to 0. 
Assembling all the measurements in a table, we get 
Year Distance Weight Velocity 
1947 11025+0.08 m 0.1 299 793.94+2.7 93.9 
1948 9064 +0.01 0.6 O4413 \oo 
» 1948 4208 +0.01 0.2 89.3+2.5 fo 
1949 May 6906 +0.003 5 8.0 93.0+0.27 
1949 Sept. 6906 +0.0035 8.0 93.1+0.28 | I 
1949 5144 +0.01 1.5 94.0 | 
1949 1762 +0.01 0.3 92.3+1.50 


Weighted mean: 93.1+0.25 km/sec 


‘The error limits of the distances denote the geodetic accuracy. 


Final result 
The foregoing investigation yields the value on the velocity of light in vacuo to be 
e = 299 793.1+0.25 km/sec. 


No sign of any systematic variation with time can be discovered. 
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Comparison with determinations by others 
MicHELSON (1926) (4, 11) obtained 
c = 299 798+4 km/sec. 
Biree’s statistical collation in 1942 (10,11) gave the result 
, c = 29977643 km/sec. 


EssEn’s determination (1948) (13) by short radio waves in resonance in a short | 
guide gave the value l 


c = 299 792.2+4.5 km/sec. 


(Essen gives +9 as the maximum error.) 
AsLaKson’s value (1949) (15) by radar applied to six geodetically known distances _ 
in U.S. AL 1s 
c = 299 792.4+2 km/sec. 


where the inner mean error of +1.5 km/sec., here has been increased to +2 to allow 
for possible systematic errors. 


Determinations of lengths 


As a practical application two uncertain lst order triangle sides in Norrland were 
determined. 


1) The distance between the islands of Prastgrundet and Storjungfrun near S6- 
derhamn in August: 


Ist night: 20203.63 m One obs. 
2nd night: 20203.57+0.04 m Six obs. 
Mean: 20203.59 +0.04 m 


The coordinates give 20203.79. However the length as determined from the new 
Soderhamn base line via a base net and two triangles is 20203.25 m. Supposing this 
value to be of double the weight of that from the coordinates, the geodetically de- 
termined length would be 20203.43 m which is in tolerable agreement with the value 
determined with light. 


2) The distance between the two fjelds Ounistunturi and Sautusvaara near Ki- 
runa in Lappland in September 


Ist night 30921.67+0.17 m. Two obs. weight 1 
2nd night .52+0.05 m. Ten obs. weight 3 j 
3rd night 30921.37+0.07 m. Five obs. weight 2 


Weighted mean 30921.50+0.07 m. 


The frequency was checked as usual. Provisionally adjusted coordinates gave the 
distance 30921.42+0.60 m. 

In the Norrland measurements and with the 1762 m base line, the geodimeter 
was supphed with tension from a portable 400 watts benzene motor generator. 
For the rest the 230 volts net was used. 
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4. Front of the AGA-model. Cardboard in place of Fig. 15. Back of the plane mirror in its house. 
oh, mirrors. The var. loop on its bar in the middle. The floor is isolated on its own stand. By cour- 
| The outside optics is collapsible. tesy of Prof. Lind, Fysicum, Upsala, the mir- 


ror was placed at the disposal of the Survey. 
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Table I 
Checking of the frequency. Cr. wh. = readings on the crystal wheel 


Date in Date in 
1948-1949 Hour Cr. wh. Freq. 1948-1949 Hour Cr. wh. Freq. 
12/10 13.45 — Start 11/5 19.45 = Start 
> 15.00 0 8332 166 > 20.55 10 8332 096 
> .05 5 157 » 21.55 10 125 
> 10 10 037 
s ue 13 8331 921 12/5 19.50 = Start 
x 20 16 779 > 20.55 12.5 8332 021 
‘ oe oe oo 13/5 19.45 = Start 
. oR a on » 20.55 12.5 8332 012 
5 ve oh agai Aat > 21.55 12.5 030 
» 45 33 005 14/5 18.45 — Start 
» 50 36 8329 171 > 20.15 0 8332 246 
» LOO 40 8327 258 55 20 5 2 246 
» 16.00 43 8324 200 5 25 10 2115 
» 05 46 8316 640 30 15 1 890 
» 10 50 8272 265 $s 35 17.5 1 737 
27/4 14.00 _ Start » -40 12.5 end 
» 15.35 0 8332 209 z 45 10.0 —_— 
> .40 5 2 203 » 50 7.5 2 176 
» TAB 10 2 075 » .55 0.0 2 23) 
5 50 15 1 860 » 21.55 10.0 2 122 
> 4 
‘ we ay ees 27/8 20.30 = Start 
> 16.00 30 0 489 2 . 
b eae A ee > 21.30 10 8332 093 
4/5 18.00 — Start 29/8 19.30 — Start 
» 19.30 0 8332 200 7 21.30 10 2 142 
20.05 ( 
‘ - ‘ : ee em 19.25 Pe Stare 
: ve we eine > 20.55 10 2 122 
. oe ro Steen » 21.55 10 2 133 
» 25 12.5 1 987 12/9 19.20 — Start 
> .30 15 1 870 > 22.00 ile 8331 813 
é We rie Phe sO 19.50. | 5= Start 
: > 20.55 10 8332 117 
6/5 19.07 — Start > 21.55 10 2 144 
> 20.00 0 32 195 
: ae OMe een 18.30 - Start 
> 20.10 12.5 | 8331 979 a ae Hy ee 
f a vs rere > 21.55 10 2 157 
» 20 15 1 879 26/9 18.50 — Start 
> 125 0 2 210 > 20.55 10 8332 160 
> .30 10 2 085 » 21.55 10 2 167 
c a i rs ae 27/9 18.45 Ss Start 
- GEE 10 > 108 > 19.55 10 8332 14! 
i a > 20.55 10 2 157 
9/5 19.45 a Start > 21.55 10 2 164 
» 20.55 2 
ae se cd NT 18.45 fe Start 
10/5 19.40 — Start » 19.55 10 8332 159 
» 20.55 10 8332 091 > 20.55 10 2 165 
» 21.55 10 110 > 21.55 10 2 157 
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Table I (cont.) 


oats nes Hour Cr. wh. Freq. Spire aa Hour Cr. wh. Freq. 
29/9 18.40 — Start 6/10 19.00 SS Start 
> 19.55 10 8332 153 » 19.55 10 8332 141 
» 20.55 10 2 168 » 20.55 10 2 166 
> 21.55 10 ails » 21.55 10 2 175 
3/10 18.40 _- Start 14/10 12.00 = Start 
> 19.55 10 8332 157 > 14.00 10 8332 211 
> 20.55 10 2 163 > 14.02 0 2 339 
> 21.55 10 2 176 » 14.04 10 2 203 
4/10 19.00 = Start : + . ae 
> 19.55 10 8332 135 : 
» 10 15 1 987 
» 20.55 10 2 140 4 
» 21.55 10 2 170 y 7 2 — 
: » 14 17.5 1 847 
5/10 18.45 ~- Start » .16 10 2 184 
» 19.55 10 8332 153 > aS 20 1 691 
» 20.55 10 2 164 » 20 10 2 184 
» 21.55 10 2 184 
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Table II 


90-m measurements. Readings on 8, (in italics) and on 8S, (p. 133) in cm. 
Each reading in a group of four corresponds to one of the four possible 
position-combinations of the shifters SwI and Swll 


May 15 May 19 Sept. 30 Oct. 7 

18.1 22.7 19.6 22.4 17.5 15.3 42.2 23.0 15.6 29.3 26.4 
21.5 19:9 23.7 18.8 21.3 23.0 37.8 19.2 21.8 25.9 23.8 
97 22.9 11.2 22.6 10.2 12.3 7.6 22 Nh ides 24.3 25.6 
13.1 21.5 14.8 21.4 14.4 23.4 4.8 23.3 24.6 24.4 22.9 
25.7 18.1 20.8 19.5 22.5 31.4 33.9 TET) \\| ler 31.1 14.5 
23.6 21.2 16.9 21.4 OES 32.6 29.8 21.0 10.4 23.4 19.0 
20.3 10.3 25.3 9.3 23.7 17.6 17.5 15.1 40.6 22.6 18.8 
17.6 16.2 23.5 14,8 22.4 11.4 12.9 20.0 36.6 20.5 24.2 
20.7 21.5 19.7 20.9 18.1 24.0 14.9 23.7 16.5 25.4 
21.0 18.4 23.0 19.4 22.5 21.0 19.1 | 20.6 19.8 23.0 
8.9 22.0 9.8 21.9 9.8 28.0 13.4 | 29.8 I fet 27.7 
10.9 20.9 14.2 21.0 13.3 26.0 22.8 26.8 23.5 24.8 
22.9 16.8 22.1 We 12.3 9.8 14.9 30.2 25.8 
19.4 20.8 17.0 22.8 21.3 3.0 18.6 24.3 20.8 
23.9 10.7 25.3 10.8 15.2 47.8 18.3 24.5 25.8 
23.6 13.4 22.5 14.8 23.0 42.2 25.0 20.1 24.6 
Mol 21.3 22.3 27:5 30.2 21.7 19.3 15.9 
19.3 23.8 19.8 21.7 25.4 18.5 14.2 21.7 
10.7 10.8 23.4 26.7 22.1 | 31.3 30.8 14.7 
11.6 14.3 21.3 24.0 17.4 26.5 28.9 HS 
21.5 21.0 20.7 6.4 11.6 28.4 Tot 22.3 
20.1 18.1 22.1 1.0 19.8 | 25.2 20.5 21.9 
22.6 26.0 Oi 46.8 15.9 | 25.2 14.5 25.8 
20.5 23.2 14.9 42.6 21.9 | 22.6 18.2 24.9 
17.1 21.3 21.9 15.3 19.6 14.9 20.8 21.9 
21.7 21.9 19.8 19.9 17.0 | 29.9 Belt 20.7 
10.9 OY) 22.8 15.7 28.6 16.7 31.6 27.5 
15.9 14.9 21.4 19.3 25.2 | 24.0 27.4 24.2 

12.5 

La 

15.6 

22.4 
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Table III 


7 km measurements. Readings on §; (p. 133) in italics and on the crystal wheel. 

Each reading in a group of four corresponds to one of the four possible posi- 

tion-combinations of the shifters Swl and SwlIlI. The first figures each day are 
date and hour of start. The last figures are hours of conclusion 


6/5 12.5 10.1 9.4 20.3 9.8 12.7 6.9 10.3 
ae 15.3 14.6 18.7 21.7 144 9.3 18.4 48 
=i. 18.9 19.8 10.3 11.0 19.5 ee 13.2 
ee 21.4 23.20 12.3 14.6 19.6 99.5 19.3 10.9 
ioe (See ae 15.4 17.7 9.8 24.3 20.0 
ae 7.0 8.8 12.6 8.9 13.5 13.2 24.4 

25 15.7 ae 11.4 13.6 11.8 13.5 171 6.3 
a 13.4 15.3 11.3 8.3 10.4 14.8 
ne 12.9 20.45 114 19.7 W.1 13.6 20.40 | 10.7 
a, 16.0 20.2 21.2 13.7 a ro. 
ed 19.3 16.8 16.7 118 11.6 18.9 13.2 
ed 21.4 13.0 12.7 17 23.1 20.4 oe 11.3 

= 10.1 22.9 14.0 14.8 20.8 8.8 13.4 
i 7.3 WA 9.8 12.5 9.5 11.0 19.40 | 11.2 

ae 15.5 12.2 11.3 14.1 12.5 13.8 9.9 
's 13.6 13.6 12.0 11.6 8.8 10.5 25.6 8.0 
ae 14.2 7.7 10.7 20.0 11.3 14.0 97.7 18.5 
a 14.1 11.4 22.0 23.1 14.3 8.9 14.0 24.4 
17.8 14.9 17.6 10.5 11.4 19.8 16.6 10.3 
ee 20.7 12.0 14.6 21.7 24.6 14.2 15.3 

10.8 21.6 23.00 19.6 8.3 ne 14.8 
Ro 6.6 201 = | "33.00 13.0 8.9 12.6 

<— 15.7 10.9 es 13 6 4.0 9 1 

13.6 41 5 
od 12.8 10.0 11/5 ae 13.5 5.0 6.4 
ed 14.3 12.9 21.50 ris 9.3 13.4 10.6 
ae 17.6 14.8 21.30 19.6 (04 11.9 
pi 20.8 12.1 19.4 21.35 | 244 29.97 13.9 

re 11.7 19.4 24.6 13.7 9.8 25.8 18.2 
ths 5.6 18.0 9.5 Tid 20.2 Te 12.4 25.0 

ee 16.5 11.3 16.8 91.5 23.4 15.9 8.7 
Wo 12.8 12.9 15.5 17.5 9.2 23.30 9.5 18.2 
oe 11.7 9.9 12.1 10.0 a re 

ae 147 11.8 13.8 12.5 12.1 13.6 22.30 
ae 21.0 14.2 10.7 8.0 6.7 oh oa ——— 

ae 21.4 11.4 17.6 11.9 14.3 9.7 

91.8 29.1 13.7 10.3 19.25 6.2 ; 
23.00 23.00 20.2 12.7 10.5 17.2 13.3 27/9 
ae HT ,| 174 21.5 22.4 21.3 11.0 19.50 
aS 13.5 15.6 19.2 9.2 28.6 29.1 
9.8 12.0 10.4 13.8 12.9 27.2 15.7 
21.45 9/6 12.5 13.9 12.1 12.1 18.4 13.3 21.5 
13.2 11.3 9.0 8.4 11.5 17.5 Tia 
14.7 22.55 11.0 18.0 1a 12.1 5.3 18.2 21.4 
13.0 91.8 29.8 12.2 8.0 16.0 25.3 10.0 
11.8 13.0 17.2 12.2 9.6 19.1 11.8 10.4 4.0 

9.1 12.1 14.5 16.7 21.0 21.0 20.3 14.0 15.7 
10.7 13.8 17.2 14.9 17.5 10.8 29.8 10.7 12.1 

8.1 12.6 6.5 13.5 10.3 13.5 14.7 7.0 8.6 
15.6 18.2 8.3 13.5 13.2 13.3 17.8 12.9 4.0 
13.2 19.3 13.7 11.0 8.0 8.5 12.3 10.2 16.9 
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Tabelle III (cont.) 


13.4 
11.4 
16.9 
20.3 
26.4 

9.3 
=0.9 
15.9 
13.1 

7.2 
-5.8 
17.3 
14.7 
11.5 
TOS 
14.2 
20.4 

7.4 
5.8 
17.7 
15.3 

9.7 
-5.8 


16.3 
14.4 
12.8 


148 


Table IV 


Atmospheric conditions 
a a ea ar ee 


ARKIV FOR FysIk. Bd 2 nr 15 


1949 
Fico pales Pressure’ Temp. of 
Date Hour Geod. Mirror mm Hg barom 
6/5 21.02 +9°20 +8°6 C 749.3 +10°8 C 
> 21.35 7.9 8.6 
» 22.20 Tet 7) 
» 23.05 7.6 7.4 749.7 9.5 
8/5 21.25 1.6 2.6 754.9 4.1 
» 22.15 132) 1.9 
» 23.00 0.4 1.6 755.0 3.3 
9/5 21.00 3.9 761.4 5.6 
» 22.50 2.2 
» 23.15 1.6 
10/5 20.57 9.1 8.9 764.6 10.1 
» 21.45 9.0 9.1 
» 22.20 8.6 8.6 
> 22.50 ea 7.8 765.0 9.6 
11/5 21.40 8.2 nes 768.8 9.5 
» 22.05 7.8 7.8 
» 22.40 7.6 6.8 
» 23.10 Tel 6.8 768.8 8.7 
13/5 21.20 11.4 11.4 764.6 14.1 
» 22.00 11.4 il 
» 22.35 11.0 10.3 
» 22.55 10.8 10.6 764.6 13.3 
14/5 21.25 9.8 9.7 762.3 12.8 
» 21.50 8.9 8.3 
» 22.30 8.7 8.1 
» 23.20 8.3 7.5 762.1 10.6 
24/9 19.08 12.6 
» 19.20 ai OAT 12.9 
» 20.10 10.6 Toe 767.9 LAT 
» 20.55 11.9 11.9 767.8 12.9 
» 22.00 11.2 10.9 768.0 12.8 
26/9 19.20 15.6 15.6 764.2 15.9 
» 19.55 15.2 15.3 764.2 15.9 
» 20.50 14.8 14.7 764.1 16.2 
» 22.00 14.2 14.7 764.1 ? 
» 22.15 14.0 
» 22.30 14.7 
27/9 19.20 13.3 13.7 763.4 14.6 
» 20.15 12.2 12.5 
» 21.00 027 12.0 763.1 1257 
» 22.00 11.7 11.9 763.0 122) 
» 22.00 11.2 11.9 


. . fo} fp 
* The pressure figures are unreduced readings. Lat = 59°32’, 26 m.a.s. Brass scale, 


correct at 0° C. 


149 


E. BERGSTRAND, A determination of the velocity of light 


Table IV (cont.) 


a Bees oc hs Pressure’ Temp. of 
; | , b 
Date Hour Geod. Mirror mm Hg aioe 
28/9 19.05 +10°8 C 764.0 +12°6 C 
> 20.00 10.4 SMa She 764.1 12.2 
> 20.35 10.1 
29/9 19.35 13.8 13.0 758.9 14.6 
> 20.00 13.6 12.9 758.6 14.5 
> 21.00 14.2 14.2 758.3 14.7 
> 22.00 14.1 13.9 757.8 14.6 
» 22.25 14.3 14.3 757.6 15.1 | 
3/10 19.45 9.9 9.9 747.3 10.6 | 
> 21.00 8.9 9.1 749.3 9.8 . 
> 22.30 8.1 7.8 751.7 9.5 


‘ The pressure figures are unreduced readings. Lat = 59°32’, 26 m. a. s. Brass scale, 
correct at 0° C. 
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Emendations 


3rd line: .001—.001. Read: .01—.01 

The phototube is an 1 P21 (R.C. A.) 

2nd line fr. f.: (p. 028). Read: (p. 146) 

3rd line bel. the tables: fr. p. 9, 23). Read: fr. p. 127, 141) 

10 lines further below: (p. 31). Read: (p. 149) 

column of weight: 0.3. Read: 0.4 

In the middle of the page: 1P 21. Read: 1 P 22 

3rd column, near the bottom: —6.5 put in Fig. 9 is to be read off: 
Ph) CN 


i 
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